The nucleotide sequence of the gene encoding pilin from Bacteroides nodosus 265 has been determined. The pilin is encoded by a single-copy gene, from which can be predicted a prepilin comprising a single protein chain of Mr 16,637. The prepilin sequence differs in several respects from the mature protein sequence. Seven additional N-terminal amino acid residues are present in prepilin, whereas residue 8, phenylalanine, undergoes posttranslational modification to become the N-methylated amino-terminal residue of mature pilin. In addition, further processing occurs through internal cleavage to produce two noncovalently linked subunits characteristic of pilins from serogroup H of B. nodosus, of which strain 265 is a member. The position of cleavage has been identified between alanine residues at positions 72 and 73 of the mature 149-residue pilin protein. The predicted pilin sequence of B. nodosus 265 shows extensive N-terminal amino acid sequence homology with other pilins of the N-methylphenylalanine type. In addition this sequence also shows homology with these N-methylphenylalanine-type pilins in the C-terminal region of the molecule, especially with pilin from Pseudomonas aeruginosa PAK.
Bacteroides nodosus is the causative organism of ovine footrot. Infection is spread among sheep grazing on wet pasture (1, 8, 31) . Although antibody titers after infection are insufficient to provide protection against future infections (7, 11) , effective immunity against homologous serogroups can be induced by vaccination with either killed whole cells (6, 7) or purified pili-the major host-protective immunogen (13, (38) (39) (40) (41) .
The pili of B. nodosus are flexible filamentous structures 5 to 6 nm in diameter and up to 10 ,m in length (12, 37, 46) . They have a mainly polar distribution on the cell and, in common with pili from bacterial species as diverse as Pseudomonas aeruginosa, Neisseria gonorrhoeae, Moraxella nonliquefaciens, and Moraxella bovis, are composed of identical subunits of the protein pilin, which has a molecular weight of -18,000 (12, 15, 18, 21, 34) . Pilin proteins from these bacterial species show extensive homology in their N-terminal amino acid sequences (23) , and all begin with the modified amino acid N-methylphenylalanine (NMePhe). Gene sequence studies indicate that the mature protein is produced as a prepilin with six or seven additional Nterminal residues (9, 21, 26, 29) . These highly homologous pili are referred to as the NMePhe type; they differ considerably in structure and sequence from the several types of pili found among members of the Enterobacteriaceae (14, 30, 44, 45) .
At least eight serogroups of B. nodosus (designated A through H) have been identified on the basis of immunological cross-reactivity (3) . We have reported previously the gene sequence (9) and the amino acid sequence (23) 
MATERIALS AND METHODS
Preparation of DNA and pili from B. nodosus. B. nodosus 265 was harvested from modified Eugon broth (3) after anaerobic growth for 2 days at 37°C. DNA and pili were prepared as previously described (10, 42) .
Hybridization probes and primers. Hybridization probes were prepared from DNA of B. nodosus 198 cloned in M13mp8. The M13mp8-cloned template (0.3 ,ug) and 5 ng of synthetic oligonucleotide primer were boiled for 3 min and annealed at 68°C for 20 min in a buffer of 7 mM Tris hydrochloride (pH 7.4)-7 mM MgCl2-1 mM dithiothreitol-50 mM NaCl. Second-strand synthesis was accomplished by incubating the annealed mixture at room temperature for 45 min with DNA polymerase I Klenow fragment (1 U); dGTP, dCTP, and dTTP each at 40 ,uM; and 10 separated by electrophoresis in a submerged horizontal agarose gel (1%, wt/vol). Fragments ranging in size from 3 to 4 kilobase pairs were recovered from the gel by electrophoresis onto NA45 membrane (Schleicher & Schuell Co.), extracted, and then ligated into the positive selection vector pUN121 (27) with a threefold molar excess of fragments over HindIll-cut vector at a total DNA concentration of 25 ,ug/ml. Clones identified by hybridization as containing the pilin gene, and confirmed as pilin producing by immunoblotting (28), were used in sequence studies.
Synthetic primers and nucleotide sequence determination. Synthetic 14-mers were manually synthesized by a phosphate triester method (5) and were purified by high-pressure liquid chromatography (HPLC) (9) . DNA sequences were determined by the dideoxy chain-termination method (33) with M13mp8-or M13mp9-cloned DNA (25) as templates or with alkaline denatured and neutralized double-stranded DNA (2) as templates (Fig. 1) .
Peptide isolation and sequence determination. Before enzymatic digestion pili were reduced and carboxymethylated (23 Sequence comparisons. Sequence homology among pilins was investigated by using the computer program ALIGN (4) modified for use with a gap penalty and both positive and negative amino acid comparison scores (4) . All sequence alignments presented are considered highly significant (P << 0.001). Predicted amino acid sequence. The nucleotide sequence ( Fig. 2) contains a long open reading frame coding for a single-chain amino acid sequence. This sequence is consistent with the amino acid composition of pili from B. nodosus 265 and with the amino acid compositions of the separated subunits (Table 1) . No discrepancy was found between the predicted amino acid sequence and the partial (50%) protein sequence of pilin (Table 2) . A protein of the approximate size predicted from the gene sequence (Mr, 16,637) was expressed in E. coli harboring the recombinant plasmid; and this protein cross-reacted with antiserum raised against B. nodosus 265 pili. These protein studies and the presence of a single hybridization locus in the genome indicate that the isolated gene is the pilin structural gene.
RESULTS

Identification
A leader sequence of seven additional amino acids precedes the phenylalanine which becomes the N-methylated amino-terminal residue of mature pilin. This predicted leader sequence is identical to the leader sequence determined for codons, and both duet and quartet codons show a preferen-B. nodosus 198 (9) . Similar short leader sequences have been tial use of A rather than G in the third base position. A predicted for all pilins of the NMePhe type for which gene similar codon usage has been found in the highly expressed sequences have been determined (Fig. 3A) .
mRNA of E. coli and has been interpreted largely in terms of Codon usage. The codon usage of the pilin gene of B. optimizing codon-anticodon pairing energies (16) , such that nodosus 265 is similar to that previously determined for B.
the codons of strongest binding energies are avoided when nodosus 198 (Table 3) . Both strains show a marked preferprotein production is high. Many of the codons which are ence for U rather than C in the third base position of quartet absent from the highly expressed mRNA of E. coli (because (Fig. 4) . Amino acid analysis of these fractions demonstrated that the fastermigrating band on the gels corresponded to an N terminalderived subunit, whereas the slower-migrating band corresponded to a C terminal-derived subunit. The sum of the amino acid compositions of the fractionated subunits was essentially the same as the amino acid composition of purified pili (Table 1 ) so confirming a two subunit structure for this molecule. Subunit molecular weights of 7,875 and 8,017 were calculated from the amino acid compositions of the N-terminal and C-terminal subunits, respectively. The sum of these values corresponds with the nonprocessed, single-chain prepilin present in recombinant E. coli. In SDS-polyacrylamide gel electrophoresis the pilin subunits from B. nodosus 265 migrate ahead of the 14,000-dalton protein standard. Since little confidence can be placed in gel-derived molecular weight etimates for proteins migrating faster than Mr -15,000 (47) , no useful estimates can be made for the subunit sizes of native pili from B. nodosus 265 by this technique.
The gene sequence predicts a single-chain prepilin precursor molecule for pilin of B. nodosus 265. Thus in addition to the processing of prepilin observed in other NMePhe-type pili (9, 21, 26, 29) , where a small signal peptide is removed and the N-terminal phenylalanine residue is methylated, the pilin of B. nodosus 265 undergoes further processing by internal chain cleavage to produce two subunits. Amino acid analysis of the two subunits suggests that processing occurs by cleavage of the peptide bond between alanine residues at positions 72 and 73 of the mature pilin sequence (Table 1) . This cleavage does not result in the creation of a free amino group, since no N-terminal sequence data can be obtained from the intact C-terminal subunit. Although the high content of valine and isoleucine in the N-terminal subunit limit the accuracy of determination of its composition, the isolation of a chymotryptic peptide (Table 1 ) Thr-Thr-Ser-AsnLeu-Leu-Ala-Ala72 confirms the suggested cleavage position.
The pilin sequence of B. nodosus 265 indicates four half-cystine residues in the molecule. Other pilins of the NMePhe type so far characterized have only two halfcystine residues. The ability to separate the subunits of pilin from B. nodosus 265 both by HPLC and by SDSpolyacrylamide gels (19) under nonreducing conditions (Fig.  4) . demonstrates that no covalent linkages occur between subunits of pilin from B. nodosus 265. Since free thiol groups are highly unlikely to occur in an extracellular environment, and intersubunit disulfide bridges are excluded, the halfcystine residues of pilin can only be linked to form disulfide bridges within each subunit. The two half-cystine residues of the C-terminal subunit are in positions characteristically found for the two half-cystine residues in pilins of the NMePhe type from other bacterial species (Fig. 5 ). These C-terminal half-cystine residues have been identified in pilin from N. gonorrhoeae as forming a disulfide bridge (35) . In contrast, a bridge formed by the two half-cystine residues in the N-terminal subunit of B. nodosus 265 (Fig. 5) appears to be unrelated to that formed by the two half-cystine residues of strain 198 (23), since these bridges would occur in a different location based on sequence homology. This bridge in strain 265 is present within the pilin N-terminal region, which shows interspecies homology (Fig. 5) , whereas the bridge of strain 198 encompasses the central region, which shows virtually no homology with other NMePhe-type pili.
Nucleotide sequences proximal to the pilin gene coding sequence. Sequences upstream from the pilin gene coding sequence show close homology in strains 198 and 265; only six substitutions occur in 381 nucleotides (Fig. 2) Within the limited sequences determined 3' downstream of the coding sequence in B. nodosus 198 and 265, homology is only apparent in the region of 80 nucleotides adjacent to the coding sequence. This region shows potential rhoindependent transcription terminators of comparable free energies in both sequences, but differing considerably in the sequences of the inverted repeats ( Fig. 3B and 6 ). Sequences characteristic of transcription terminators can be identified downstream in all pilin coding sequences of the NMePhe type so far determined. DISCUSSION Extensive sequence homology is shown among pilins from the diverse bacterial species which produce the NMePhe type of pili (Fig. 5 ), yet the complexity of the pilin gene systems differs considerably. A single locus for the pilin structural gene of B. nodosus 198 and 265 has been identified by hybridization studies. In P. aeruginosa in a single gene locus was likewise identified, whereas multiple gene loci are present in M. bovis and in N. gonorrhoeae. The presence of these multiple gene copies permits antigenic switching in M. bovis and extensive antigenic variation in N. gonorrhoeae (17) .
Little information is available regarding transcription of the pilin genes. Although a promoter has been identified 90 TABLE 3 . Frequency of codon usage in the predicted coding region of the pilin gene from B. nodosus 265a
Leu 7 (8) 1 (4) 3 (2) 1 (1) base pairs upstream of the coding sequence in the pilEl gene of N. gonorrhoeae MS11 (26) , it would be unwise to extrapolate from this example to the less complex single-locus systems. We have previously reported the possibility of a similarly located promoter in B. nodosus on the basis of the high A+T content of the upstream region (9) . However, in view of the proximity of an open, upstream reading frame in both P. aeruginosa PAK and B. nodosus, the possibility that these pilins may be encoded on polycistronic messages cannot be discounted.
The region upstream of the pilin genes of B. nodosus 198 and 265 shows extremely high conservation of the nucleotide sequence, where only 6 nucleotides differ in 381 nucleotides determined. This high sequence conservation may be partly related to the presence of open reading frames in the first 250 nucleotides of the determined sequences. We previously reported the nonrandom location of the pilin gene in DNA fragments of strain 198 cloned in E. coli (10) . The pilin gene was consistently located within 2 kilobases of one end of 7-to 15-kilobase fragments of DNA from a partial Sau3A digestion. One possible explanation of this observation is a lethal product from a gene upstream of the pilin gene of B. nodosus. It is interesting that the proposed basal protein of pilin (Mr, -80,000 [22, 28] ) would require a 2-kilobase gene for encodement, and this protein may be the presumptive lethal product which is partially seen as the upstream open reading frame.
Sequence homology downstream of the pilin-coding sequences ends 80 nucleotides after the translation terminator in B. nodosus 198 and 265. The identification of potential transcription terminators in this region suggests that the pilin gene in B. nodosus is terminal in any transcript. Typical transcription termination signals are likewise found in P. aeruginosa PAK downstream of the pilin-coding sequence (Fig. 3B) .
The extensive homology of amino acid sequences within the hydrophobic N-terminal regions of the NMePhe type of pili has long been recognized (23) . Sequence similarity gradually disappears after 50 residues, but reappears 50 or so residues before the C termini. This C-terminal homology is found around a disulfide loop common to at least one strain from each of the bacterial species producing pilins of the NMePhe type (Fig. 5) . Homology is most notable between B. nodosus 265 and P. aeruginosa PAK, whereas B. nodosus 198 lacks the C-terminal disulfide loop but still retains sequence homology with other pilins. Comparison of the nucleotide sequences of B. nodosus 265 and 198 suggests that strain 198 is related to strain 265 in the C-terminal region by a frameshift mutation (Fig. 6) .
Other than the N-and C-terminal regions of homology, little sequence similarity is found among pilins of the .gonorrhoee(MSN 1 ) determinants of pili from N. gonorrhoeae are located within the large C-terminal disulfide loop. However, some variability occurs in this central region, as does a common antigenic determinant (17, 32) . The conserved sequence within the common antigenic determinant is 72DIKGKYV, which shows similarity with the sequence 7ODDKGKYA found in representatives of B. nodosus serogroups A, B, C, and E, where it precedes the highly variable region.
With the exception of members of serogroup H of B. nodosus (e.g., strain 265), pili from all other known serogroups of B. nodosus are composed of a single-chain subunit of Mr -17,000 to 19,000 (Stewart et al., in press ). This present study has shown that the pili of strain 265 (a serogroup H representative) are composed of two smaller subunits encoded by a single gene which predicts a single chain prepilin of Mr 16,637. In recombinant E. coli strains harboring the gene, a single protein species of this approximate size has been demonstrated. It is therefore apparent that in B. nodosus 265 a single polypeptide chain undergoes further processing to produce two noncovalently linked subunits. The position of the cleavage in the polypeptide chain has been identified as occurring between alanine residues 72 and 73 in the mature pilin'sequence. Since an Ala-Ala. peptide bond is not normally a chemically labile linkage, the two-chain pilin subunit observed in serogroup H might result from proteolytic cleavage. The fact that a two-chain structure is observed only in pili from serogroup H suggests that a unique proteolytic enzyme may be present only in serogroup H; alternatively, there may be present a protease common to all serogroups, in which case failure to cleave pilin from strain 198, for example, would be due to the absence of an appropriate cleavage site. The cleavage site in strain 265 is located in the central region of the pilin molecule, and this region is so dissimilar in strains 198 and 265 that no homology can be detected, nor is any feasible alignment suggested. In addition to any presumed proteolytic activity, further enzymic activity would still be required to explain the absence of a free amino group after peptide bond cleavage.
We' are currently attempting to express pili from B. nodosus on the surface of the less fastidious host, P. aeruginosa, with a view to production of a pilus-based, single-protein footrot vaccine. The extensive homology within the N-terminal pilin sequences of these bacteria and the similar unusual signal sequences suggested the feasibility of such a strategy. The demonstration that the NMePhe-type pilins show much more extensive similarity in amino acid sequence, not only limited to the N-terminal sequence, reinforces the possibility of successful morphogenic expression of the NMePhe group of pilins in the easily grown, stable genetic environment of P. aeruginosa.
